Carbohydrates are major components of marine organic matter, but few molecular-level carbohydrate analyses in seawater have been undertaken owing to the low concentrations of individual compounds. This paper presents novel data on aldose compositions and concentrations in various size fractions of particulate and dissolved organic matter from the equatorial Pacific. Samples of high-molecular-weight (HMW, >1 kDa) dissolved organic matter (DOM) and suspended particulate organic matter (POM, >O. 1 pm) were collected by tangential-flow ultrafiltration. Aldose content of low-molecular-weight (LMW) DOM was calculated as the difference bctwecn aldose content in unfiltered samples and HMW DOM + POM. Size-fractionated and unfiltered samples were hydrolyzed with sulfuric acid, and aldoscs were separated and detected by high-performance anion-exchange chromatography and pulsed amperometric detection, A detailed description of the method is provided. The concentrations of fucosc, rhamnose, arabinose, glucose, galactose, xylose, and mannosc were determined. In general, the predominant sugars were glucose and galactose. The HMW DOM fraction was slightly enriched in deoxysugars and galactose. The average depthintegrated size distribution of aldoses indicated that 68% of aldoscs were LMW DOM, 28% were HMW DOM, and 4% were POM. Concentrations and yields (normalized to organic carbon) of aldoses in POM and HMW DOM decreased with depth, indicating selective degradation of aldoses. The molecular compositiqns of the degraded components of POM and HMW DOM were similar to surface compositions but the mole % glucose increased with depth, implying that glucose was preferentially preserved in a refractory structure. The fraction with the highest aldose yield was POM, followed by HMW DOM and LMW DOM. In surface waters from both stations, the largest fractions of dissolved aldoses were found in HMW DOM, whereas in subsurface waters most dissolved aldoses were found in LMW DOM. Yields and concentrations of aldoscs indicated a size-related diagenetic sequence where POM represents the most reactive material and LMW DOM the most refractory material, Aldoses represented 1.7-3.6% of DOC and IO-20% of total carbohydrates, indicating that a large fraction of the carbohydrate pool is still uncharacterized at the molecular level. Aldoses could be identified in all, presumably refractory, deep-water samples, and most of the aldoses in deep water were LMW, indicating that a factor other than molecular composition was important in determining biological availability of the aldoscs.
Carbohydrates are the largest identified fraction of organic matter in the ocean, accounting for 20-30% of organic matter in marine surface waters (Pakulski and Benner 1994; Benner ct al. 1992) . Carbohydrates comprise lo-70% of the organic matter in the plankton cell (Romankevich 1984) and are known to be released directly to the water column by algae (Hcllebust 1965; Burney et al. 198 1; Tttekot et al. 1981; Mopper et al. 1995) . Additionally, other plankton as well as grazing activities release carbohydrates to the water . column (Cowie and Hedges 1994, 1996; Strom et al. 1997) . The major classes of carbohydrates have been identified in marine waters, including uranic acids (e.g. Mopper et al. 1995) , amino sugars (e.g. Kerherve et al. 1995) , and neutral I Corresponding author.
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sugars (e.g. Mopper et al. 1995; Kerherve et al. 1995; Borch and Kirchman 1997) .
There have been several investigations of dissolved carbohydrates in marine waters (e.g. Handa 1970; Liebezeit et al. 19F9; Ittekot et al. 1981) , but all of these studies relied on con sentration procedures that fractionate the sample and leave an unknown fraction of carbohydrates uncharacterized.
Determination of bulk carbohydrate content is possible using the MBTH method (Pakulski and Benner 1992, 1994) , but bulk measurements do not provide information on molecular composition that can provide clues about the origin and diagenetic state of the material. Recent application to marine samples of an efficient Chromatographic separation of aldoses and a sensitive detection method (Mopper et al. 1992 (Mopper et al. , 1995 has made direct determinations in seawater possible without Preconcentration. The distribution and relatively high concentrations of combined carbohydrates in the upper ocean are indicative of a highly reactive substrate that supports heterotrophic metabolism in the surface ocean (Benner et al. 1992; Pakulski and Benner 1994) . High-molecular-weight (HMW) carbohydrates seem to be rapidly consumed in surface waters whereas low-molecular-weight (LMW) carbohydrates persist in the deep ocean. These observations and recent direct comparisons of the bioreactivity of HMW and LMW components of dissolved organic matter (DOM) indicate that naturally occurring HMW DOM is of more recent origin and 1803 Table 1 . Results from testing the effect of pretreatment with 12 M H,SO, on neutral sugar yields. The Gulf of Mexico sample was unfiltered water, whereas the equatorial Pacific sample was high-molecular-weight dissolved organic matter isolated by ultrafiltration from 100 m at 2%. Samples were analyzed in triplicate. (Diff, difference achieved with pretrcatmcnt; Student's t-test was used to assess whether differences were statistically significant; P, probability that the samples come from th; same population with the same mean; n.s., no statistical difference (i.e. P > 0.1). 1994, 1996) . Detailed chemical characterizations of various size classes of organic matter in the ocean would provide additional information about the diagenetic state of organic matter and its relationship to size. Aldoses have been demonstrated to be particularly sensitive biomarkers of the diagenetic state of organic matter (Cowie and Hedges 1994) . In the present study, the molecular-level analyses of aldoses are used to further investigate the relationship between the size and diagenetic state of organic matter in the ocean. Concentrations of aldoses in unfiltered water samples, particulate organic matter (POM), and HMW DOM were determined using high-performance anion-exchange chromatography (HPAE) with pulsed amperometric detection (PAD) in depth profiles from two stations in the equatorial Pacific. The concentrations and composition of aldoses in LMW DOM were calculated by mass balance as the difference between unfiltered samples, which contain POM and DOM, and the POM + HMW DOM size fractions. The stations in the equatorial Pacific span regions of high and low productivity in the open ocean (Chavez and Barber 1987) and are therefore well suited for investigations of marine organic matter cycling (e.g. Hernes et al. 1996; Peltzer and Hayward 1996; Druffel et al. 1996) . A detailed evaluation of the HPAE-PAD method and protocol for the analyses of aldoses in seawater are also provided.
Materials and methods

Sampling-Samples
were collected from the equatorial Pacific Ocean at 2"S, 14O"W and 12'S, 135"W. Details of the sample collection and ultrafiltration procedure are described elsewhere (Benner et al. 1997) . Niskin-type samplers equipped with Teflon-coated springs were used. Unfiltered samples were frozen immediately after sampling in acidrinsed polycarbonate bottles. Two size fractions were isolated by ultrafiltration, suspended POM (0.1-60 pm) and HMW DOM (l-100 nm).
Sumnple work-up procedure-The protocol included a combination of steps used by other laboratories (Mopper et al. 1980 (Mopper et al. , 1992 Pakulski and Benner 1992; Borch and Kirchman 1997; Dionex, Sunnyvale, California, technical notes 20 and 21) . All glassware (except ampoules) was acid-rinsed (2 M HCl), rinsed three times with Milli-UV + water (Millipore) and combusted at 500°C for 3 h. Ampoules were combusted without acid-rinsing. Plasticware (pipette tips and funnel valves) was soaked in acid for at least 12 h, rinsed three times with Milli-UV+ water, and dried. Unfiltered se#iwater samples (9 ml) were pipetted into 15-ml sample tubes and dried in a Savant SpeedVac. One milliliter of 12 M H,SO, was added to the samples, which were then placed in an ultrasonic bath for 15 min. Concentrated acid pretreatment has been shown to increase the carbohydrate yield (Pakulski and Benner 1992), and we tested to see whether yields of individual aldoses would increase significantly with pretreatment. Samples from the equatorial Pacific and the Gulf of Mexico were hydrolyzed with and without 12 M H,SO, pretreatment. Pretreatment gave a statistically significant increase in glucose yield (Table 1) . It is important to have 12 M H,SO,, to avoid overshooting the pH when neutralizing samples. Concentration of H,SO, was determined by density. The ultrasonic bath aided in dissolving salt pellets. After the ultrasonic bath, samples were stirred to a slurry with a glass rod and left to sit for 1 h 45 min. Nine milliliters of Milli-UV+ water was added (1.2 M H,SO,, final concentration of acid) and samples were stirred until salts dissolved. Samples were then hydrolyzed in a 100°C water bath for 3 h in glass ampoules. The hydrolysis was terminated by placing the ampoules in an icebath for 5 min.
Samples wer= neutralized by adding the samples in l-ml aliquots (to reduce effervescence) to 1.44 g precombusted CaCO, in 20-ml glass sample tubes with Teflon-lined caps. Before adding sample to the CaCO,, deoxyribose was added as an internal standard to a final concentration of 200 nM. Samples were stirred and then placed in an ultrasonic bath for 15 min to I;omplete the reaction. A sample pH of -6 was achieved this way. Ba(OH), has been used for neutralization by other authors (Mopper et al. 1992 ), but we found that CaCO, gade higher recoveries and lower blanks. Or- Immediately before analysis, samples were run through a mixed bed of anion (AG 2-X8, 20-50 mesh, Bio-Rad) and cation (AC 5OW-X8, 100-200 mesh, Bio-Rad) exchange resins. Using different bead sizes for cation and anion exchange resins makes separation and reuse of the resins possible. Before use, the resins were Soxhlet extracted with water for 2 h and transferred to Hi form (cation-exchange resin) and HCO,-form (anion-exchange resin). Equal resin volumes were mixed and 3 ml was added to a glass extraction funnel with glass wool packed in the Teflon valve. The funnel was connected to vacuum via a bell jar. The resin bed was rinsed three times with Milli-UV+ water and then with -1 ml of sample, which was discarded. A sample volume barely covering the resin was then added for deionization. The rinse was necessary to minimize sorbtive losses of sugars. The sample-resin mixture was stirred until CO, stopped evolving (-5 min), and the sample was allowed to drain by applying vacuum. The samples were degassed with He for 1 min before injection in the chromatography system. Dissolved oxygen in the sample gave a negative peak that interfered with carbohydrate quantification. Degassing for too long resulted in a positive He peak in the chromatogram, also interfering with aldose quantification.
Seawater and HMW DOM samples were analyzed in triplicate, whereas POM samples were analyzed in duplicate. HMW samples were redissolved in Milli-UV+ water before analyses. Procedural blanks were run using Milli-UV+ water, and the only detectable sugar was glucose, which was found in concentrations of O-10 nM. The glucose concentration found in the blank was deducted from the samples. Relative standard deviations of individual sugar concentrations in seawater samples were in the range of 5-30% (avg IS%), while relative standard deviations of individual sugar concentrations in HMW DOM and POM samples were in the range 2-10% (avg 7%). The lower standard deviations Table 3 . Effect of postcolumn base addition before and after cleaning the electrode surface. Sensitivity is the slope (area/nM) of the standard curve, calculated from a four-point standard curve. The cleaning procedure consisted of polishing the electrode surface [pcbase, postcolumn base addition (600 mM NaOH at 0.5 ml min-l); diff,, differcncc in sensitivity when postcolumn base addition was omitted]. for HMW DOM and POM samples probably resulted from the higher concentrations of carbohydrates in the analyzed samples.
Sensitivity
Separation and detection of aldoses-Aldoses were separated with an isocratic 24 mM NaOH elution using a PA-1 column mounted in a Dionex 500 ion chromatography system with PAD (Rocklin and Pohl 1983 ; Dionex technical note 20; Johnson and LaCourse 1990) using a gold working electrode and an Ag/AgCl reference electrode. Several detector settings were tried (varying time and voltage), and the detector setting (Dionex technical note 21) in Table 2 was found to give the lowest noise and highest response using 24 mM NaOH mobile phase.
Milli-UV+ water was used for the mobile phase and was sparged with He for 15 min before adding liquid, low-carbonate NaOH (Fisher). Sparging was continued for -2 min and thereafter the mobile phase was kept in He-pressurized bottles. The same mobile phase could be used for 2 d if bottles were kept pressurized.
Several NaOH concentrations for the mobile phase have been suggested (Borch and Kirchman 1997; Kerherve et al. 1995) . We tried 12-30 mM NaOH and found that 24 mM NaOH gave the best resolution of the aldoses analyzed. The 24 mM mobile phase still caused slight overlap between glucose, galactose, mannose, and xylose ( Fig. 1) . The resolution factors &) were -1, i.e. >95% of the sugar was accounted for by integrating between peak valleys in the chromatogram (Snyder and Kirkland 1979) . Considering that the standard deviation is 5-30% when using the work-up procedure described in this paper, we found a 5% deviation in the integration of the peaks acceptable.
Postcolumn base addition was not necessary using 24 mM NaOH at these detector settings. On the contrary, removal of the postcolumn base addition increased the overall sensitivity by omitting the dilution caused by adding NaOH to the sample (Table 3) . Additionally, omission of the postcol-umn base addition greatly decreased baseline noise, which further decreased the detection limit.
Recoveries-Aldose recoveries were in the range of 70-90%, with the deionization procedure being the step causing the largest losses. However, some sugars could not be detected and separated using this method. Pretreatment and hydrolysis caused large (40-60%) losses in ribose. Ribose reacts under acidic conditions to form a furfural, a reaction that proceeds so well that it has been used to approximate concentrations of pentoses (Pigman 1957) . Fructose, a common ketose, is also susceptible to this reaction and forms a calcium levulate with low solubility (Pigman 1957). Furthermore, fructose coeluted with an unknown compound found in all sample chromatograms and is therefore not reported here. Deoxyribose was lost from the sample during hydrolysis. This makes it possible to use deoxyribose as an internal standard, since no deoxyribose originally contained in the sample will remain after hydrolysis.
Concentrations of fucose, rhamnose, arabinose, galactose, glucose, mannose, and xylose are reported. We also found low concentrations of ribose in HMW DOM and POM samples, but the standard deviations on the determinations were high and the data are not reported. We have chosen not to correct our original data beyond compensation for losses in the steps after hydrolysis, as reflected by the deoxyribose internal standard. Because the HMW DOM and POM samples were isolated from seawater as a dry powder, the watercolumn concentrations were calculated by multiplying the measured yield by the dry weight recovered and dividing by the volume of water filtered.
DOC and CHN analysis-DOC measurements were made using a Shimadzu TOC-5000 analyzer as described previously (Benner and Strom 1993). Atomic C : N ratios were determined with a precision of -2% with a Carlo Erba 1108 CHN analyzer, after vapor phase HCl treatment (Hedges and Stern 1984) . The DOC concentrations measured at both stations were typical for open-ocean samples.
Results and discussion
Concentrations and distribution of aldoses-Unfiltered samples and LMW DOM contain both free and combined aldoses, whereas HMW DOM and POM contain only combined aldoses. In this study, we made no attempt to measure free aldoses separately.
Aldose concentrations in unfiltered samples decreased about threefold with depth at both stations (Fig. 2) , which agreed with the trend in total carbohydrate concentrations measured calorimetrically by Pakulski and Benner (1994) in the same water samples from 2'5. The sharp decrease in aldose concentration with depth indicated that dissolved aldoses were reactive components of marine organic matter. The concentrations of individual sugars in unfiltered samples were in the range of 5-120 nM and the fraction of DOC accounted for as aldoses ranged from 1.7 to 3.6% (Tables 4,  5 ). The depth-integrated aldose concentrations indicated that 68% of aldoses was LMW, 28% was HMW, and 4% was POM. Aldose concentrations in surface water were higher at Table 5 for concentrations of aldoses). B.
Chromatogram from a standard with 20 nM concentrations of individual sugars. The scales of the y-axes are not the same: a, fucose; b, deoxyribose; c, rhamnose; d, arabinose; e, galactose; f, glucose; g, mannose; h, xylose.
12'S than at 2"s ( Fig. 2) , which was consistent with DOC concentrations (Table 4) . Nutrient-rich water upwells at the equator in the Pacific and is transported in surface water from the equator to higher latitudes (Murray et al. 1994) . Biological processes occur in the transported water that cause an accumulation of DOC with increasing distance from the equator (Peltzer and Hayward 1996) .
In general, the highest aldose concentrations in the different size fractions were found in surface samples from 2-m depth (Ta3le 5, Fig. 3) . The large concentration gradient between the surface and 100 m could be the result of rapid consumption of aldoses at 100 m, but it has also been suggested that there may be more release (both relatively and absolutely) of cell exudates at specific depths, e.g. in the upper, nutrient-limited region of the euphotic zone (Longhurst and Harrison 1989). Note the similarity in aldose con- centrations among the respective size-fractions below the euphotic zone at both stations (Fig. 3) , indicating that the aldose distribution among size-fractions in Pacific deep water could be fairly uniform. High concentrations of aldoses in LMW DOM were found close to the chlorophyll maximum at 12'S, indicating a possible source of LMW aldoses in the chlorophyll maximum. The large concentration gradients around 100 m indicate that aldoses in LMW DOM are rapidly consumed. However, at 2'S the LMW DOM concentration maximum did not coincide with the chlorophyll maximum. Differences in the distribution and concentrations of aldoses in the chlorophyll maximum of these two stations could result from differences in the extent of water column mixing. Upwelling at 2"s results in greater water column mixing than at 12"s. At 12'S, the chlorophyll maximum at 100 m is trapped just below the surface mixed layer. The stratification of the two stations could therefore explain the difference in aldose distribution and allow for a source of rapidly cycled LMW DOM in the chlorophyll maximum. Other studies have found that high concentrations of monosaccharides correlate with primary production in the equatorial Pacific (Rich et al. 1996) .
Molecular
composition-The aldose composition of Implications of aldose yields for reactivity of organic mat-POM, expressed as the mole percentages of the sum of alter-Aldose yields were calculated as a percentage of ordoses (Table 5) , was dominated by galactose and glucose.
ganic carbon by dividing aldose carbon by the total organic Glucose was the most abundant aldose, which has also been carbon in the size fraction. Aldose yields for all size fracshown in other studies (Tanoue and Handa 1987; Hernes et tions ranged from 2 to 14%. Aldose yields in surface HMW al. 1996). The POM composition, particularly of material DOM in our study were 6-10% (Fig. 4) and are similar to from the chlorophyll maximum, resembled that of material yields (10:20%) reported by McCarthy et al. (1996) for collected in net plankton tows from the equatorial Pacific HMW DOM in surface waters of the Sargasso Sea, North (-45 mole % glucose, 10-l 5 mole % mannose and galacPacific, and Gulf of Mexico. The same study also reported tose, 8 mole % fucose, and 5 mole % xylose, rhamnose, and arabinose; Hernes et al. 1996) . The abundance of glucose and galactose in particulate material is probably a result of the major roles of these compounds in phytoplankton biology. Glucose polymers (glucans) are major storage compounds in phytoplankton, and galactose polymers (galactans) are common structural components of phytoplankton cell walls (Romankevich 1984) . The relative abundance of aldoses other than glucose decreased with depth in POM, resulting in an increase in mole % glucose with depth. This has also been observed in the North Pacific (Tanoue and Handa 1987) . Increasing mole % glucose with depth indicates selective degradation or removal of aldoses other than glucose. Fucose, rhamnose, arabinose, and galactose showed decreasing relative abundances with depth. HMW DOM had a rather constant aldose composition with depth, which was also found by McCarthy et al. (1996) . Relative to other size fractions at all depths, HMW DOM was enriched in galactose and deoxysugars (fucose and rhamnose). It has been shown that phytoplankton exudates are rich in galactose and deoxysugars, and that these sugars are surface active (Mopper et al. 1995) .
The most abundant aldose in LMW DOM was glucose, and its relative abundance increased with depth (Table 5) . At 2'S, mannose was the second most abundant aldose, and a very low mole % galactose was found below surface waters. At 12'S, the second most abundant aldose varied. There were relatively high abundances of deoxysugars, and at 100 m (chlorophyll maximum) galactose was the second most abundant aldose. aldose yields in the range of 2-3.5% for HMW DOM from deep waters (750-4,000 m), which can be compared to our values of 1.6 and 2.1% for HMW DOM from 4,000 m. Decreasing concentrations of organic carbon with depth in the upper ocean are commonly interpreted as being indicative of reactive material. The relative reactivity of individual components of organic matter can be estimated by determining the yield, or fraction of carbon as specific molccules, and the changes in yield with depth. Yields of relatively reactive materials decrease with depth and increasing decomposition. It has been demonstrated that the carbohydrate yield of natural organic matter is a robust indicator of diagenetic state (Cowie and Hedges 1994), i.e. low yields of bioreactive components are indicative of more highly degraded organic material. In the present study, aldose yields of HMW DOM and POM decreased with depth in the water column (Fig. 4) , indicating that aldoses are relatively reactive components that are selectively removed from organic matter as it ages in the ocean. Organic materials in the deep ocean have the lowest aldose yields and represent the most diagenetically <lltercd organic matter in the ocean.
Aldose yields in LMW DOM were low (1.2-1.6%) and relatively constant with depth at the 2'S station (Fig. 4) . Similar but more variable yields were observed in LMW DOM at 12'S (Fig. 4) . A relatively high aldose yield was observed in LMW DOM from 100 m at the 12'S station and, as discussed earlier, the difference between the stations could result from differences in the stability of euphotic zone waters. The low and relatively invariant yields with depth in LMW DOM are indicative of a fairly unreactive material.
Yields from the different size ,fractions in our study showed that material with a higher molecular weight had a higher content of aldoses. With only one exception (100 m at 2"S), the POM fraction always had the highest aldose yield at each depth, followed by HMW DOM and LMW DOM (Fig. 4) . Aldose yields indicate the following sequence of diagenetic alteration, from least to most: POM + HMW DOM + LMW DOM. These data also indicate the following order of reactivity from most reactive to least reactive: POM > HMW DOM > LMW DOM.
It is important, however, to note that LMW DOM is not completely unreactive in surface waters. The composition of aldoses in LMW DOM changed substantially between surface water and the oxygen minimum layer (Table 5) water to an average of 61% at the oxygen minimum layer. This change in aldose composition with depth indicated an exchange of >50% of the aldoses in LMW DOM in the upper ocean.
The origin of suspended POM-The diagenetic sequence, suggested by aldose compositions of materials in the size range of suspended POM to LMW DOM, raises the question of a possible diagenetic connection with size classes larger than suspended POM. Aldose yields from suspended POM (Fig. 4) at 100 m were higher than yields from net plankton and sinking POM (Hernes et al. 1996) . At 2'S, the yield from sinking POM was 2%, whereas the yield from suspended POM was 12%. At 12'S, the yields were 6 and 14% for sinking POM and suspended POM, respectively. The aldose yield from suspended POM (Fig. 4) was at least twice the yield from net plankton (Hernes et al. 1996) . Hence, compositional data from surface waters indicated no direct diagenetic coupling between larger size classes of suspended POM (net plankton and sinking POM) and suspended POM. Plankton tows collected material in the 26-850-pm size range, while suspended POM was in the O.l-60-pm size range. Plankton species vary with size, and we might therefore be comparing the yield from different species of plankton when comparing yields from organic matter in plankton tows with suspended POM. This might also be true for the comparison between organic matter from sediment traps ( 105 m) and suspended POM from 100 m. Sinking POM caught in sediment traps is largely comprised of fecal pellets from zooplankton that have been feeding on larger size classes of phytoplankton (J. Hedges pers. comm.).
When looking at deep-water data, we find that aldose yields from sinking POM are close to yields for suspended POM. Yields from suspended POM at 4,000 m were 4.0% (2'S) and 5.8% (12'S), whereas values from Hernes et al. (1996) from sediment traps at 4,000 m ranged between 4.4 and 4.7%. The close agreement between yields from sinking POM and suspended POM in deep waters suggests that there is no clear diagenetic sequence from sinking POM to suspended POM in deep waters. The similarity in aldose yields suggests the possibility of exchange between sinking and suspended POM at depth.
Biological reactivity of aldoses-Based on aldose composition of POM from net plankton tows, sediment traps, and sediments, it has been suggested that glucose is preferentially degraded from organic matter and that the mole % glucose could be a diagenetic indicator for organic material in the equatorial Pacific region (Hernes et al. 1996) . However, our data show no such relationship for dissolved and suspended material. When we calculated the composition of the fraction of carbohydrates removed between surface and deep water, we found that the composition of the removed fraction was almost identical to the composition of surface HMW DOM and suspended POM (Fig. 5) . The same observation was also made by McCarthy et al. (1996) for HMW DOM. This implies that there is no biological preference for specific sugars in dissolved and suspended material. Carbohydrates are removed in similar molar ratios as they occur in reactive organic material. The mole % glucose might therefore only be valid as a diagenetic indicator for sinking particulate material.
Furthermore, these findings suggest that the relative importance of glucose as a substrate for microorganisms is mainly due to its greater abundance. This finding has implications for interpreting aldose fluxes in the marine environment, because it suggests that using only glucose for estimating carbohydrate turnover could lead to an underestimate of the fraction of bacterial production supported by carbohydrates. Galactose, mannose, and xylose are also abundant in seawater, and the biological utilization of these aldoses should be investigated.
A large fraction of carbohydrates are not aldoses-What are they ?-Measurements of total carbohydrates by the MBTH method (Pakulski and Benner 1992) showed carbohydrate-c ccncentrations in the range of 5-19 PM at 2'S (Fig. 6) . The concentration of aldose-C found at 2"s was in the range of 0.8-2.2 PM, i.e. only -7-20% of the carbohydrate pool was identified as aldoses. Similar hydrolysis procedures were used in the two studies, so the higher concentrations found by Pakulski and Benner (1992) should be indicative of the presence of carbohydrates other than aldoses. Nuclear magnetic resonance (NMR) analysis has also been used to estimate carbohydrate concentrations (Benner et al. 1992; McCarthy et al. 1993; Pakulski and Benner 1992) and indicates carbohydrate concentrations similar to or higher than MBTH determinations.
The large amount of molecularly uncharacterized carbohydrate could be explained in a number of ways. Both NMR and MBTH carbohydrate concentration estimates are based on estimating the amount of functional groups characteristic of carbohydmtes. By NMR it is possible to estimate the amount of C-O and O-C-O by integrating the peaks representing resonances by carbon present in these groups. NMR studies have been undertaken on unhydrolyzed samples of UDOM. The MBTH method estimates the amount of terminal alcohol groups and terminal groups that can be converted to alcohol groups by reduction with KBH,. In unhydrolyzed samples, the analysis will include both monomeric sugars and free ends of sugars that are attached to other molecules. The sample can be hydrolyzed before MBTH determination to estimate the sum of combined and monomeric sugars. Aldoses that have been modified by biological and chemical reactions might still contain the functional groups that are recognized by NMR and MBTH analysis (i.e. carbohydrate-like: compounds) but might not be recognized as aldoses by the HPAE-PAD separation/detection procedure.
Carbohydrates occurring in seawater are a diverse group of compounds. and the terminology can be confusing. Carbohydrates are defined as polyhydroxy aldehydes or ketones and their deriyratives. Strictly speaking, the term "aldoses" includes all carbohydrates with an aldehyde end, i.e. amino sugars and neutral aldoses. In this paper, aldoses refer to neutral aldose,;. A number of naturally occurring classes of carbohydrates cannot be quantified with the method used in this study (e.g. sugar alcohols, amino sugars, and uranic acids). Sugar ab:ohols were preserved during the hydrolysis and ion-exchange procedures used in the present study, and peaks eluting at the general times of sugar alcohols were found in the chromatograms of the samples analyzed (Fig.  1 , R, < 5 min). These peaks were not resolved with the elution conditions used (retention times overlap) and could therefore not be identified. However, the response of the PAD detector LS fairly uniform for varying sugar molecules, and an estimate from peak area indicated that sugar alcohol concentrations might be as high as aldose concentrations in samples analyzed. Amino sugars and uranic acids are two classes of charged carbohydrates that would be lost in the deionization procedure. Amino sugars are the basic building blocks of chitin and are common components of marine alprise a minor component of marine carbohydrates in some gae, bacteria, and zooplankton. Montgomery et al. ( 1990) studies (Mopper et al. 1995) , whereas other studies have reported suspended (>O. 1 -pm size-fraction) chitin concenreported that uranic acids comprise 1 l-43% of polysacchatrations of 4-21 ,cLg liter' in the Subarctic Pacific and Delrides isolated from the North Pacific and Bering Sea (Sakuaware Bay and suggested that these structural polysacchagawa and Handa 1985). Therefore, amino sugars and uranic rides were degraded rapidly in surface waters. The acids could be CI substantial fraction of the marine carboconcentrations of uranic acids have been suggested to comhydrate pool. Aldoses in deep water--Refractory aldoses?-Carbohydrates, especially free glucose, have been shown to be biologically reactive molecules. Our data on aldose yield and concentration changes with depth support the observation that aldoses are biologically reactive molecules. However, all size-fractions of organic matter had measurable quantities of aldoses in deep water, indicating that aldoses comprise part of the refractory organic matter in the ocean. Additionally, the relative abundance of glucose, the aldose that has been thought to be the most reactive, increased with depth. Glucose was the major aldose in deep-water POM and DOM, accounting for 60% of the total aldoses. About 80% of aldoses in deep water are LMW DOM, indicating they have a molecular weight lower than 1,000 Da. We do not know what fraction of the aldoses in LMW DOM are in combined form, but analyses from other areas indicate that free aldoses are in low concentrations in deep water (< 10 nM; Skoog et al. in prep.) , suggesting that most deep-water LMW aldoses are in combined form.
The existence of LMW aldoses in deep water is an apparent paradox. Why are they resistant to decomposition'? Our data indicate that LMW DOM is the product of the diagenesis of macromolecular material. Perhaps the residual LMW-combined aldoses in deep water are formed through selective preservation of resistant components of biomolecules. Clearly, we need to know more about the molecular architecture of refractory organic matter to better understand the mechanisms controlling the preservation of organic matter in the ocean.
Conclusions
The concentration and yield distributions of aldoses in all size fractions indicated degradation between surface and deep water. In general, the most abundant sugars were glucose and galactose in all size fractions. HMW DOM was slightly enriched in deoxysugars and galactose when compared with the other size-fractions. When integrated over depth, most (68%) of the aldoses were in the LMW fraction, 28% was in the HMW fraction, and the smallest fraction (4%) of the aldoses was in POM. Our data also indicate that a large fraction of aldose is LMW material, i.e. a large part of aldoses is combined but has low molecular weight. When comparing aldose concentrations to total carbohydrate concentrations estimated by the MBTH method, only 7-20% of the carbohydrates were identified as aldoses. A large part of the carbohydrate pool is therefore still unidentified at the molecular level.
Degradation of aldoses between surface and deep water seemed to be nonspecific. The molecular composition of the component degraded between surface and deep water resembled that of surface organic material. No indications were found of selective degradation of glucose. In fact, the mole % glucose increased with depth in the LMW DOM and suspended POM fraction.
Yields of aldoses (aldose normalized to carbon) from the dissolved and suspended fractions indicated that the weightfraction richest in aldose was POM, followed by HMW DOM and LMW DOM. Aldose yield data, together with concentration and distribution data, indicated a diagenetic sequence from least to most degraded: POM + HMW DOM -+ LMW DOM. Remember that turnover times of the various molecular groups within a size fraction probably vary.
Aldose yields from suspended POM, and POM from sediment traps and plankton tows (Hernes et al. 1996) , did not indicate a diagenetic sequence between these two classes of particulate material. However, care has to be taken when comparing large POM from sediment traps and plankton tows with suspended POM collected by ultrafiltration since it is possible that these different size classes include different components of plankton.
Samples from the deep sea revealed the presence of LMW (< 1,000 Da) glucose-containing compounds. Traditionally, compounds with those characteristics are considered biologically reactive. The presence of compounds with these characteristics indicates that even in LMW compounds, glucose can be complexed in a form that is unavailable to microorganisms. 
